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Temperature  Dependence  of  Ionic  Association, 
and  of  Molecular  Relaxation  Dynamics  of 
Li  AsF6  in  2-  Methyl tetrah y drof uran 

by 

Naoki  Inoue,*  Meizhen  Xu,M  and  Sergio  Petrucci 
Polytechnic  University 
Weber  Research  Institute 
Department  of  Chemistry 
Farmingdale,  N.Y.  11735 

ABSTRACT 

Electrical  conductance  data  in  the  temperature  range  25°  to  -35°C, 
analyzed  by  the  Fuoss-Kraus  triple-ions  theory  of  conductance,  reveal  the  pres¬ 
ence  of  both  ion  pairs  and  triple  ions.  Evidence  of  the  presence  of  the  latter 
ones  persists  (with  the  formation  constant  KT  somewhat  increased)  even  by 
allowing  for  measured  changes  of  solvent  permittivity  with  concentration  of 
electrolyte.  This  dispenses  any  remaining  doubt  on  the  existence  of  triple  ions. 
Formation  constants  KP  and  KT,  at  various  temperatures  for  ion-pairs  and  triple 
ions  respectively  have  been  determined.  These  figures  are  compared  with 
values  calculated  by  the  BJerrum  theory  of  Ion-pairs  formation  and  by  the 
Delsignore-BJerrum  theory  for  formation  of  triple  ions,  respectively. 

Ultrasonic  relaxation  spectra,  in  the  concentration  range  0.1M  to  0.4M  of 
LiAsF6  and  is  the  frequency  range  0.5  to  400  MHz  at  15°  and  5°C  In  2MeTHF, 
are  reported.  The  results,  combined  with  previous  data  at  25°C,  are  interpreted 
as  due  to  Ion-pair  dimerization.  The  forward  and  reverse  rate  constants  and 
activation  parameters  AH^  and  AS^  are  reported  together  with  the  values  of 
the  dimerization  constants  Kq  at  various  T's.  The  figures  for  K<,  are  compared 
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to  the  values  calculated  by  the  Maaser-BJerrum  dimerization  theory  of  ion-pairs 
formation,  giving  pair  to  pair  approach  distances  suggesting  solvent  separated 
dimers. 

Infrared  spectra  in  the  u3  band  envelope  of  the  AsFg  ion,  in  the  concen¬ 
tration  range  0.05  to  0.8M,  reveal  the  presence  of  three  separated  bands.  The 
spectral  envelope  was  deconvoluted  by  three  Gaussian-Lorentzian  product  func¬ 
tions  centered  at  ~716  ,  ~702  ,  and  ~675cm"  *.  The  band  at  ~702cm“ 1  is 
interpreted  as  due  to  the  "spectroscopically  free"  AsFg  ,  namely  as  due  to  sol¬ 
vent  separated  ion-pairs  and/or  solvent  separated  dimers.  The  band  at 
~7l6cm_1  is  interpreted  as  due  to  contact  ton  pairs,  based  on  collateral  evi¬ 
dence  in  1,2-DME  solvent.  The  band  at  ~675cm~1,  according  to  literature 
evaluations  of  the  AsFg  Raman  and  Infrared  spectra,  is  due  to  combination 
bands. 


Introduction 


Knowledge  of  the  extent  of  association  of  electrolyte  solutions,  and  the 
type,  structure  and  lifetime  of  the  complex  species  In  solutions  used  in  secon¬ 
dary  Li-battery  construction,  Is  a  relevant  Information  for  electrochemists.  The 
information  becomes  of  paramount  importance,  in  order  to  ascertain  causes  of 
battery  failure  when  these  units  are  subjected  to  low  temperature  as  in  stratos¬ 
pheric  or  subarctic  conditions.  On  the  other  hand,  theoretically,  there  is  need 
of  knowledge,  but  scarcity  of  data  in  the  lifetime  of  complexes  and  in  their 
structure  In  media  of  low  permittivity.  By  changing  temperature,  the  permits 
tivlty  changes  without  concomitant  large  changes  In  donor  number  of  solvent 
or  other  factors  which  occur  in  the  usual  Isothermal  studies  In  mixed  solvents 
of  various  compositions.  Therefore,  in  order  to  Isolate  electrostatic  long  range 
effects  in  ionic  association  of  various  species  (without  obscuring  large  changes 
of  other  factors),  it  appears  that  changing  the  temperature  Is  an  alluring  way  to 
perform  these  studies. 

LIAsF6  in  2  MeTHF,  already  studied  at  room  temperature1  has  been  now 
investigated  by  electrical  conductance  down  to  t=~  35°C.  Ultrasonic  relaxation 
spectra  have  been  produced  at  15°  and  5°C.  In  order  to  ascertain  and  confirm 
the  structure  of  the  LiAsF6  in  2  MeTHF  solvent,  Infrared  spectra  of  the  P3 
band  envelope  of  AsFg  are  reported. 

Experimental 

The  equipment  and  procedure  for  the  conductance  and  ultrasonic  work 
have  been  reported  elsewhere.12  3  Similarly,  the  equipment  and  procedure  for 
the  Infrared  work  has  been  reported.4  The  only  change  Is  the  computer  assis¬ 
tance  to  the  983-G  Perkin-Elmer  spectrometer  provfded  by  a  3600  Perkln- 
Elmer  data  station  that  allows  for  spectra  production,  video  monitoring,  disc 
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recording  and  retrieving,  data  digitization  and  hard  copy  recording  via  com¬ 
puter.  (The  authors  are  indebted  to  the  Perkin-Elmer  staff  of  Norwalk  Conn, 
for  instruction  of  use  of  the  3600  data  station). 

For  the  products,  LiAsF6  was  from  Agri-Chemical  Co.,  Atlanta,  Ga.  It 
was  redried  at  70°C  in  vacus  for  36  hours.  2  MeTHF  (Aldrich)  was  distilled 
under  reduced  pressure  over  metallic  sodium  and  bentophenone.  Solutions 
were  used  within  1  hour  after  preparation  for  the  ultrasonic  and  infrared  work 
minimizing  (10-30  seconds)  contact  with  the  open  atmosphere. 

Solutions  for  conductance  work  were  prepared  by  weight  in  situ,  directly  in 
the  conductance  cell,  by  adding  a  stock  solution  in  weighed  portions,  to  the 
weighed  solvent  in  the  cell.  The  stock  solution,  kept  In  a  dessicator,  was  used 
within  6-8  hours  from  its  preparation. 


Results 

Figs.  1A,  B,  and  C  report  the  equivalent  conductances  vj  concentration,  in 
the  form  log10A  v^  logi0c,  for  LiAsF6  in  2Methyltetrahydrofuran  (2MeTHF) 
at  5° ,  -  15° ,  and- 35°C,  respectively.  Table  I  reports  the  experimental 
A's  and  c's  for  the  various  temperatures  Investigated. 


Figs.  2A  and  B  report  representative  plots  of  the  excess  sound  absorption 
per  wavelength  ji  =  aexcX  =  (a-Bf2)  —  where  a  is  the  attenuation  coefficient 


(neper  cm-1)  of  sound  at  the  frequency  f.  B  is  the  background  ratio, 
B  =  (a/r2)(>>fr  for  frequencies  f's  much  larger  than  the  relaxation  frequency 
fr,  f>  >fr,  in  accord  with  the  Debye  function  valid  for  a  single  relaxation  pro¬ 


cess: 


a 

f2 


A 

1  +  (f/fr)2 


+B. 


(1) 


The  solid  lines  In  Figs.  2A  and  2B  are  in  fact,  In  accord  to  Eq.  I,  written  In  the 
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form: 


H  =  2  n. 


f/fr 


l+(f/fr)5 


(II) 


where  =  /i  for  f  =  fr;  namely,  the  maximum  excess  sound  absorption  per 

2/im 

wavelength,  and  A  =  - ;  u  is  the  sound  velocity.  Table  II  reports  the  calcu- 

u  fr 

lated  parameters  fr  ,nm ,  B  and  the  measured  sound  velocities  u  for  all  the  solu¬ 
tions  of  Li  AsF6  in  2MeTHF  investigated  at  15°C  and  5°C. 

Figs.  3A  and  3B  show  representative  digitized  infrared  spectra  of  the  u3 
band  envelope  of  the  AsFg  ion.  The  solid  lines  have  been  drawn  by  fitting  the 
digitized  absorbances  to  the  Gaussian-Lorentzian  selmempirlcal  product  func- 
tion:"* 


A  = 


b  aj° 

i=i 


exp 

(^-  ^oj)2 

2  of 

<7  2 

- 1 


(III) 


where  the 


exp- 


("-  J'oj) 


2a , 


is  the  Gaussian,  and 


1  + 


(^oj)2 


-  i 


the 


Lorentzlan  factor  of  III.  of  is  the  variance  and,  a j  = 


Au 


1/2 


1.40 


with  AF1/2  the 


width  of  each  band  and  at  half  maximum  absorbance  Aj°/2.  A°  corresponds  to 
the  maximum  absorbance  for  V  =  F°  for  each  band.  Notice  that  for  a  pure 


Gaussian  function  A  =  Aj°exp|- 


Lorentzian  A  =  A° 


1  + 


(*-*0i)2 


2(7 


(P-Poi)S 

2(7  ? 


,  a  = 


AF 


,  o  = 


1/2 


2.355 


,  whereas  for  a  pure 


A v 


1/2 


2.00 


.  The  factors  2.355  and  2.00 


relate  the  half  bandwlths  of  the  respective  functions  to  the  standard  error  a. 

For  Instance,  for  a  pure  Gaussian  0.50  =  f(x)  =  /2a  = 

A- 


-  8  - 


Ai/f/2/4 


exp(- 


),  giving  2.3548  = 


Au 


1/2 


.  As  a  pure  Gaussian  function  is  particu- 


2o‘  o 

larly  appropriate  for  Infrared  spectrum  of  solids  and  a  pure  Lorentzian  is 
appropriate  for  Infrared  spectra  of  gases,  the  product  function  III  is  an  average 
function,  attempting  empirically,  but  quite  successfully  at  reproducing  the  line 
shape  of  infrared  spectra  in  the  liquid  state.  Table  III  reports  the  calculated 
parameters  Aoj,Z7j ,  for  the  three  Gaussian-Lorentzian  product  functions 

used  to  describe  the  V3  hand  envelope  of  Li  AsF6  in  2MeTHF. 


Calculations  and  Discussion 


a)  Electric oity 

D.xsigno.e  et  al.1  reported  conductance  data  for  LIAsF6  in  2MeTHF  at 
25°C.  Some  of  their  data  have  been  reanalyzed  by  the  Fuoss  Kraus  triple  ion 
conductance  theory:6 


with 


Ag(c)\/c  = 


Ao  +  aT^t  f  A 

V*p  \/*S  l  Ao 


(IV) 


g(c)  = 


and 


Q,  1.8247x10®  0  0  0.8208x10®  ,  82.501 

9  =  (eT)V!  :  S  =  “A»  +  "  "  '  +  1^*  ■ 

On  the  above,  e  is  the  permittivity,  tj  the  viscosity  and  T  the  absolute  tempera¬ 
ture.  The  value  of  e  =  8.24  and  rj  =  0.0047  p  have  been  taken  from  previous 


I 


i 

i 
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work.1  The  value  A°  =  22.53  Cl  ~  1cm2eq" 1  at  t  =  25.00C,  in  propylene  car¬ 
bonate,7  is  Judged  particularly  reliable.  As  tj  =  0.0253P7  it  gives  A0ry  =  0.570 
and,  in  2MeTHF,  A0  =  121fi  “  1cm2eq_  l,  lower  than  the  value  used  previ¬ 
ously,1  and  the  very  reason  of  re-analyzing  the  data. 

Fig.  4A  reports  the  plot  of  Ag(c)\/c  vs.  |l-  jc  for  Li  AsF6  in  2MeTHF. 

Lineary  regression  gives  r2  =  0.997,  intercept  I  =  -  0.02447,  Slope  =  0.4793, 
from  which  one  calculates  Kp  =  2.4sx  107M_1  and  KT  =  29.4  having  retained 

2 

the  arbitrary  condition  At  =  — Ac,  consistent  with  previous  work.1 

3 

Recently,7  it  has  been  inferred  that  because  the  permittivity  of  the  electro¬ 
lyte  solution  increases  with  concentration  of  electrolyte,  the  deviation  of  the 
slope  of  log10A  vs*  log10c  from  -0.50,  namely  from  the  Ostwald  mass  law,  may 
be  due  in  part  or  all  to  changes  in  permittivity,  thereby  putting  the  very 
existence  of  triple  ions  under  discussion.  We  agree  that,  at  high  concentra¬ 
tions,  the  permittivity  effect  becomes  of  paramount  importance,  as  documented 
in  a  previous  paper.9  We  were  concerned,  however,  that  even  at  low  concentra¬ 
tion  c<2x10_2M  the  fact  that  e(c)  is  larger  than  the  solvent  value  may  be 
significant. 

We  therefore  took  the  Delsignore  et  al.1  data  of  dielectric  permittivity  e  for 
LiAsF6  in  2MeTHF,  and  fitted  them  by  nonlinear  regression  to  the  equation  at 
t=25°c 

f  =  8.24  +47.34C-  242.77c2 

with  determination  coefficient  r2  =  0.9999997  (Fig.  4B).  At  each  concentration 
used  in  the  conductance  work,  <  was  then  calculated  and  Eq.  IV  applied,  (Fig. 

4C).  Linear  regression  of  Ag(c)\/c  (l — — |c  gives 
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r2  =  0.9965,  I  =  0.02430, S  =  0.5874  from  which  Kp  =  2.48  x  107nT  1  and 
Kt  =  30.2  M~  1  ,  having  used  equation  IV  up  to  c  =  0.02155.  The  change  in 
Kp  is  insignificant,  with  respect  to  the  calculation  of  Kp  with  e  =  6.24,  the  sol¬ 
vent  value.  The  change  in  KT  is  about  20%,  but  but  using  e  =  f  (c)  does  not 
causes  KT  to  become  zero,  as  the  allegation  involving  e(c)  >eSOivent  may  have 

2 

implied.  As  the  condition  A 5  =  — A0  probably  carries  an  incertitude  at  least  as 

3 

large  as  20%  in  what  follows  we  shall  use  the  value  of  KT  =  29M”1  to  compare 
internally  and  relatively  its  change  with  temperature.  Table  IV  reports  the 
results  of  the  calculations  by  the  Fuoss-Kraus  conductance  Eq.  IV  at 
5°C  -  15°C  and  -  35°C,  For  these  calculations  the  permittivities  e  and  viscosi¬ 
ties  7?  have  been  calculated  by  the  functions 

2200 

e  =  -  1.14  +  — —  , 


log107?  =  -  3.635  + 


388 


Table  IV  reports  also,  for  all  the  temperatures  investigated  the  maximum  con¬ 
centration  used  in  Eq.  IV.  Fig.  5A  reports  the  Van’t  Hoff  plot  of  fnKp  vsj.  l/T 
for  LiAsF6  in  2MeTHF.  Fig.  5B  reports  the  corresponding  Van’t  Hoff  plot  of 
$nKT  vSj.  1  /T  for  the  same  system. 

The  solid  lines,  calculated  by  linear  regression,  give:  from  Fig.  5A 

=  63  cal/Kmol,  AH„°  =  7.28  Kc—  .  By  equating  Kp  to  the  BJerrum  expres- 
p  v  mol 

sion  for  ion-pair  association:10 
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one  obtains  the  values  of  d,  the  ion-pair  separation  distance  reported  in  Table 
V.  The  value  at  t=25°c  is  in  good  accord  with  the  value  d^  =  -i.flx  10  8crn,  cal¬ 
culated1  from  the  Bottcher  function”  and  dielectric  permittivities.  There 
appears  to  be  a  trend,  d  increasing  by  decreasing  temperature.  If  true,  this 
trend  would  suggest  a  tendency  to  form  solvent  separated  ion-pairs  by  decreas¬ 
ing  T( hence  by  increasing  e). 

The  triple  ions  formation  constants  I<T  have  been  compared  to  the 
D elsignore-BJerrum 12  equilibrium  constant: 


KbjT  - 


2  7T  Lap 
1000 


(VI) 


with 


bp  — 


e/i 


ea|kT 


Q=  E 


n  =odd 


y(n-S/2) 


(n-  (5/2))n! 


-*T 


or 


Q  =  - 


bT15 


+ 


b°5 


bf5 


+ 


b45 


b85 


1.5  (0.5)3!  (2.5)5!  (4.5)7 


( 6.5)x9! 


+ 


b 


8  5 
T 


(8.5)  1 1 ! + 


...- 0.2550 


using  the  experimental1  n  =  22x10  18  esu  cm. 

The  results  extending  the  series  to  n=  15  are  reported  in  Table  V.  At 
t=25°C,  =  8.4xl0_8cm;  namely,  ap  larger  than  1.5d.  (The  axiom  of  three 

equal  spheres  at  contact  may  suggest  ap  =  1.5  d.)  The  values  of  ap  seem  how¬ 
ever  of  reasonable  magnitude,  even  at  the  lowest  temperature,  with  the  general 
condition  ap=«2d.  In  Table  V  the  Delsignore-BJerrum  parameters12  qT  are  also 
reported  showing  ap  approaching  qT  (hence  KT  approaching  zero)  as  the  tem- 

(  \U2 

perature  is  lowered  (hence,  as  €  is  increased).  In  the  above  qx  =  I  — — “pi 


which  corresponds  to  a  ration  of  2  between  the  electrostatic  ion  dipole  energy 


and  k'l'. 


b)  Ultrasonic  relaxation  spectra 


Delsignore  et.aJ.1  interpreted  the  observed  ultrasonic  relaxation  of  LiAsF,, 


in  2MeTHF  at  t  =  25°C  as  due  to  a  dimerization  process  according  to  th 


scheme: 


2Li  AsF6  ^{LiAsF6)2, 


(VII) 


leading  to  the  relation 


r  1  =  27tfr  =  4k(c  +  kr , 


(VIII) 


with  Kq  =  k,/kr.  By  approximating  cp~c ,  namely  the  ion-pair  concentration  to 


the  total  concentration,  and  by  plotting  r  ’vg*  c,  k,,kr  and  hence  Kq  could  be 


calculated. 


Figs.  6A  and  OB  report  such  a  plot.  Specifically,  at  15°C,  linear  regression 


gives  r2  =  0.96,  Int=  1.38x10®  and  Slope  =  7.97  x  108.  At  5°C  linear  regression 


rives  r"  =  0.80  Int 


In  Table  VI  the  values  of  k(,kr,Kq  at  25°C,  taken  from  previous  work,1  and 


at  1 5°C  and  5°C,  taken  from  the  present  data,  are  reported. 


Figs.  7 A  and  7B  report  the  Eyrlng  plots  of  $n(k,/T)  and  #n  (kr/T)  vs^  l/T, 


respectively.  The  solid  lines  have  been  calculated  by  linear  regression. 


Specifically,  one  obtains  from  the  data  of  Fig.  7A, 


r2  =  0.999  ,  1  =  21.9  ,  S  =  -2437 


giving 


AH^  =  4.84  Kcal/mol,  AS^-  3.70  cal/Kmol. 
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Also  one  obtains  from  the  data  of  Fig.  7B, 


r2  =  0.956  ,  I  =  15.27  ,  S  =  -  637..,, 


giving 


AHr^  =  1.27  Kcal/Kmol  ,  ASr^  =  -  16.87  cal/Kmol 


Therefore, 


AHq  =  AH^  -  AHr^  =  3.6Kcal/mol, 


and 


AS£  =  ASf- ASf  =  13. 2  cal/Kmol , 


giving  at  T  =  298.2: 


AG  °  =  3,600-298  (13.2)  =  -  336.2  cal/mol 
338.2  ) 

and  Ka  =  exp  I -  =  1 .76  M"  1 , 

q  1 1.987x298.2  J  b 

remarkably  close  to  the  value  obtained  before  from  the  isothermal  work  at 
25°C 

It  was  of  inter*  e-t..  pt.  this  point,  to  compare  the  experimenta!  K  from  'Fable  VI 

to  theoretical  values. 

For  this  purpose  we  have  used  the  Maaser-BJerrum  theory13  which  reads: 


KBiq  = 


4irLa^ 

3000 


t>q  Qq 


(IX) 


with 


u 

bq  =  - - .  and 

f  a3kT 
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Q,  _  0.6.67-  (■•  »)*l 

for  all  odd  n’s  (n  =  1,3,5...). 

By  extending  the  summation  to  n  =  25,  we  have  calculated  KBjq  by  vary¬ 
ing  a^  in  steps  of  0.1°A  to  match  with  the  experimental  Kq's. 

Table  VI  reports  the  calculated  Kq's  and  the  corresponding  aq's.  A  small 
trend  seems  to  exist;  the  aq's  slightly  Increasing  by  decreasing  T  (as  noticed  for 
the  a^s,  above  ).  Further,  at  t  =  25°C,  aq  =  9.4x10” 8cm  ^2d  where 
d  =  4.6xl0_8cm.  This  Implies  that  the  two  dipoles  are  separated  more  from 
each  other  than  the  two  ions  in  the  pair,  or  in  other  words  it  implies  a  solvent 
separated  dimer. 

c)  Infrared  Spectra 

The  Raman  and  infrared  spectra  of  AsF6'  in  the  solid  state  have  been  dis¬ 
cussed  in  the  literature. M  The  assignment  of  the  fundamental  vibrational  fre¬ 
quencies  has  been  done  on  the  assumption  of  an  octahedral  Oh  structure  for 
AsF6” . 

Thr  r  R -tin  an-a ’live  fundament!  vibrations,  “,(AU)  ~  Cf"  cm-1, 
—  570  cm  1  uouoti  ucgt-uerate,  and  =  «*72  cm  1  <  were 

observed.1,4  Two  infrared  active  vibrations  Z?3(Flu)  =  699  cm- 1  and 
F,(Flu)  =  392  cm”1,  both  triply  degenerate,  were  also  observed.  The  sixth 
vibration  F6  was  reported  as  inactive  in  both  Raman  and  infrared  spectra.1"4  The 
vibrational  mode  of  frequency  V6,  which  is  inactive  In  the  Oh  structure,  was 
predicted  to  become  Infrared  active  In  all  the  lower  symmetries  with  expected 
frequencies  in  the  200-400  cm”  1  range.  In  fact,  the  position  of  the  band  was 
estimated14  to  be  U6  =  322  cm-1  for  AsFg  ,  a  calculation  based  on  force  con¬ 
stants  estimations.  It  is  worth  quoting14  that  the  two  combination  bands 


(Ps  +  F6)  and  (u2  +  i'e)  were  expected  to  be  active  in  the  infrared  band  of 
these  compounds.  In  fact,  shoulders  in  the  Infrared  spectra  were  observed14  in 
the  region  of  the  u3  band.  (Notice,  in  fact,  that 
u2  +  ^6  ~  372  +  322'=  ~694  cm-1,  closely  overlaps  the  v3  band,  an  observa¬ 
tion  to  be  quoted  again  below.) 

We  have  chosen  the  v3  infrared  band  region  for  our  study,  as  reported 
above  in  Table  III.  In  view  of  the  literature,14  the  band  at  702  cm-1  can  then 
be  assigned  to  the  "spectroscopically  free"  AsFg  ;  namely  (in  view  of  the  con¬ 
ductance  results,  giving  Kp=107M_1),  to  a  solvent  separated  ion-pair 
Li+S,AsFg,  and  possibly  to  smaller  amounts  of  solvent  separated  dimers 
(Li+S,AsFg  )2,  spectroscopically  indistinguishable  from  Li+S,AsFg  .  The  band 
at  ~717  cm-1  appears  to  change  in  maximum  absorbance  with  the  nature  of 
the  solvent.  This  is  testified  in  the  spectra  reported  in  Fig.  8A  for  LiAsFg  in 
1,2-DME  of  permittivity  e  =  7.0,  and  in  Fig.  8B  for  LiAsFg  in  THF  of  permits 
tivlty  e  =  7.4  (both  e's  referring  to  T  =  298.2K).  Further,  in  Fig.  9B,  LiAsFg 
in  acetone  shows  that  the  band  at  718  cm-1  Is  of  minor  relative  maximum 
absorption  A0,  and  only  necessary  to  describe  the  left  “wing"  of  the  v3  band  of 
the  AsFg  spectrum,  which  cannot  be  reproduced  by  a  single  Gaussian- 
Lorentzian  band  (Fig.  9A).  Acetone  (dried  over  molecular  sieves,  distilled  and 
checked  for  absence  of  water  bands  at  «=;30OO  cm-1)  has  a  permittivity  e  =  20.5 
at  T  =  298.2K.  Further,  in  2MeTHF,  the  value  of  Aj17  increases  with  respect 
to  aJ02,  surpassing  It  at  about  c  =  0.3M  (Table  III).  We  assign  this  band  at 
V^lYl  cm-  1  to  a  contact  species,  which  Is  favored  by  either  decreasing  the 
permittivity  of  the  solvent,  or  by  increasing  the  electrolyte  concentration  (by 
mass  law). 

Previous  ultrasonic  work,  for  LiAsFg  in  1,2  DME15  did  not  reveal  presence 
of  dimers,  but  only  presence  of  an  outer  sphere  to  contact  ion-pair  equilibrium: 


L+S.AsFg  LlAsF6  +  S 

strongly  shifted  toward  the  left.  Raman  spectra15  confirmed  this  assignment, 
the  ^(A^)  band,  at  ^880  cm-1,  being  almost  without  either  discernible  band 
asymmetry  or  satellite  bands  present. 

Similarity  of  the  infrared  bands  positions  in  1,2  DME  at  about  717  cm-1, 
702  cm-1  and  677  cm-1  with  the  ones  of  LLAsF6  in  2MeTHF,  suggest  that  the 
origin  of  these  three  bands  is  the  same.  This  leads  toward  assignment  of  the 
717  cm-1  band  to  contact  ion-pairs,  LiAsF6.  Probably  the  contact  ion-pairs  are 
in  much  larger  relative  concentration  in  2MeTHF  with  respect  to  1,2-DME, 
Judging  from  the  relative  band  amplitudes  at  ~  717  cm-1.  By  the  same  argu¬ 
ment,  in  acetone  (Figs.  9A  and  9B),  these  contact  species  are  almost  absent. 
This  is  in  accord  to  expectations  due  to  the  permittivities  of  the  three  solvents. 

The  interpretation  of  the  band  at  ^676  cm-1  can  be  achieved  by  assigning 
this  band  as  due  to  a  combination  band14  ( V2  +  V9),  V9  being  present  when  the 
Oh  symmetry  Is  lowered  because  of  the  formation  of  contact  species.  Fig.  10 
shows  the  u3  region  of  the  infrared  spectrum  of  LiAsF6  in  Dlmethylcarbonate 
(DMC),  a  solvent  of  permittivity  e  =  3.1.®  The  spectrum  looks  qualitatively 
similar  to  the  one  in  1,2  MeTHF  at  similar  concentrations.  Notice  that  the 
band  at  678  cm- 1  is  practically  invisible  for  the  spectrum  of  LLAsF6  in  acetone 
(Fig.  9),  where  only  a  mlnuscle  band  contribution  at  u  =  682  cm-1  is  needed  in 
order  to  describe  the  lower  "wing"  of  the  spectrum.  On  the  other  hand,  for 
LlAsF6  In  DMC,  dimers  were  found  to  be  present,®  with  an  apparent  formation 
constant  Kq  =  50  M~  *.  One  could  then  argue  that  lowering  of  the  Oh  symmetry 
of  AsFj  ,  Is  also  due  to  some  contact  dimers,  contributing  to  the  band  at 
v  =  678  cm'  *.  This  band  appears  to  be  present  In  different  but  increasing  rela¬ 
tive  amplitudes  In  THF,  1,2-DME,  2MeTHF  and  In  DMC.  In  acetone  the 
satellite  bands  at  717  and  828  cm'1  are  almost  absent.  Energetically,  dimers 


-  15  - 


should  not  be  stable  configurations  In  acetone,  the  dipole-dipole  energy  being 
small  with  respect  to  kT,  due  to  the  permittivity  e  =  20.5  at  T  =  298. 2K. 

Lack  of  visibility  of  the  dimers  in  the  infrared  spectrum  of  LiAsF6  in  2 
MeTHF,  despite  their  formation  constants  Kq  =  1.8  M-1  at  25‘C,  may  be 
rationalized  if  they  are  in  the  majority  of  the  outer-sphere  or  solvent  separated 
type.  This  was  suggested  by  theoretical  calculations  above,  indicating 
aq  =  9.4  x  I0"8cm  =  2d,  d  being  the  ion-pair  separation  distance.  Because  of 
the  likely  contribution  of  both  species,  LiS,AsF6  and  (Li+S,AsF6)2  to  the  band 
at  17  =  702  cm-1,  we  believe  that  any  attempt  at  calculating  formation  constants 
from  the  absorbances  of  the  two  visible  bands  at  702  cm-1  and  717  cm-1,  may 
lead  to  meaningless  results. 

In  order  to  facilitate  calculations  from  the  present  data,  as  reported  in 
Table  III,  we  have  expressed  the  absorbances  per  unit  length  aJ17/$  A™2/#, 
and  A®76j|  by  polynomials  in  the  electrolyte  concentration  c( mol/dm3). 
Specifically,  nonlinear  regression  gives: 

aJ17/$=  -  1.1  +  863  c  +  832  c2  -  1384  C3  .with  r2  =  0.994; 

A™2/#  =  -1.5 +  1199  c  -  1006  c2  +  239.5  c3,  with  r2  =  0.997; 

Aq76/#=  0.062  +  2006.4  C  +  233.9  C2  -  241.5  C3,wlth  r2  =  0.996, 
having  given  50% statistical  weight  to  the  origin. 
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Table  I 


Equivalent  conductance  (fl  1cm2eq  ')A  and  molar  concentration  c( mol/dm3) 
at  t  =  25°,  5°,  -  15°  and  -  35°C  for  LiAsF6  in  2MeTHF. 


A  i 

25°Cla| 

C  X  104 

A  1 

c  x  104 

lat.Run 

1.037, 

8.6112 

4.988s 

5.7974 

0.894s 

9.5847 

3.4316 

13.949 

0.4984 

38.470 

2.680s 

28.308 

0.418s 

82.710 

2.0700 

67.019 

0.372! 

89.505 

1.738g 

141.95 

0.332j 

140.42 

1.538, 

397.93 

0.315g 

215.55 

1.5774 

723.68 

0.3386 

353.00 

1.654g 

924.71 

2nd  Run 

1 .55 1  q 

583.3 

1.6543 

832.8 

1.828, 

1180.0 

2.4753 

2493.1 

-15°C 

t  =  - 

35°C 

A 

c  x  104 

A 

c  x  104 

1st  Run 

1st  Run 

4.255s 

5.2038 

5.5235 

5.5345 

2.6909 

18.282 

3.9513 

13.358 

2.0330 

38.389 

3.0785 

27.899 

1.3753 

112.73 

2.4851 

55.844 

1.0609 

251.86 

1.8774 

130.17 

0.9849s 

425.85 

1.4548 

274.37 

1.0513 

706.70 

1.2912 

498.81 

1.2334 

1132.1 

1.2577 

780.85 

1.3492 

972.82 

2nd  Run 

2nd  Run 

1.4487 

1828.3 

1 .5649 

131  8.6 

1.8250 

2592.8 

1.9144 

261  1 .8 

[a]  Data  from  Ref.  1 
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Table  II 


Ultrasonic  relaxation  parameters  fr,  nm,  B  and  sound  velocities  u  for  LiAsF6  In 
2MeTHF  at  the  concentrations  and  temperatures  investigated. 


Table  III 


Calculated  infrared  parameters  Aoj,  u)  and  (Aa/1/2)  for  the  concentrations  inves¬ 
tigated  of  LiAsF6  in  2MeTHF. 


itell 

(cm) 

C 

(mol/dm3) 

^7 17 

(cm  l) 

A  717 

^702, 

(cm  *) 

*'675, 

(cm  l) 

Aq  75 

zrra 

(-!,1 

0.00259 

0.803 

717.5 

1.35 

702 

1.15 

676 

0.50 

13 

0.00258 

0.601 

717.5 

1.25 

702 

1.00 

676 

0.40 

12 

0.00270 

0.502 

717 

1.32 

702 

1.05 

676 

0.36 

12 

0.00268 

0.402 

717 

1.11 

702 

0.92 

676 

0.29 

12 

0.00270 

0.302 

717 

0.83 

702 

0.78 

675 

0.22 

12 

0.0050-4 

0.210 

716 

0.85 

702 

1.00 

675 

0.20 

12 

0.00496 

0.106 

717 

0.55 

702.5 

0.50 

676 

0.17 

12 

0.00468 

0.053 

716 

0.172 

702.5 

0.256 

675 

0.04 

12 

w 
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Table  IV 

Solvent  properties  and  results  of  Kp  and  KT  by  the  Fuoss-Kraus  triple-ions  conductance 
equation  for  LiAsF6  in  2MeTHF  at  the  various  temperatures  investigated. 


t 

(°C) 

€ 

KP 

(M-1 2 3) 

nn 

25 

0.24 

0.0047 

121 

2.5X107 

29.4 

215.5S 

5 

0.77 

0.0057 

100 

1.0x10s 

20.3 

141.9S 

-15 

7.38 

0.0072s 

78.6 

8.5x10s 

9.8 

112.73 

-35 

8.10 

O.OO90g 

58.g 

3.0x10s 

1  "3 

130. 17 

[1]  based  on  Walden's  rule  Aqt?  =  0.570 

[2]  based  on  the  arbitrary  position  =  2/3A0 

[3]  maximum  electrolyte  concentration  used  in  Eq.  IV 


Table  V 


Calculated  ion-pair  separation  distance  d  and  triple  Ion  separation  distance  a^., 
according  to  the  BJerrum  and  Delsignore-BJerrum  theories,  respectively,  Tor  LiAsF6  in 
2MeTHF  at  various  temperatures.  Values  of  qT,  the  maximum  distance  of  separation  of 
an  ion  from  the  dipole  pair  in  the  triple  ion. 


t 

(*C) 

KpXp 

(M"1) 

j^calc< 

(M-1) 

K*xp 

(M"1) 

ts"  caJc< 

iV'j' 

(cm) 

dxlO8 

(cm) 

a^ociO8 

(cm) 

qTxl08 

25 

2.5X107 

2.4X107 

29.4 

30.0 

4.5 

8.4 

14.34 

5 

l.OxlO6 

l.lxlO6 

2O.3 

20.0 

5.5 

9.2 

14.25 

-15 

8.5x10s 

9.0x10s 

9. g 

9 .7 

5.5 

11.0 

14.27 

-35 

3.0x10s 

3.0x10s 

1  *3 

1*3 

6.0 

13.6 

14.08 

1  The  calculated  Kp4*®  and  Kt3,1®  have  been  computed  from  Eqs.  V  and  VI  respectively  by 
changing  d  and  aT  in  steps  of  0.1xl0~8cm. 


Table  VI 


Values  of  the  rate  constants  and  equilibrium  constants  at  various  temperatures 
for  the  dimerization  of  Li  AsF6  in  2MeTHF.  Calculated  values  of  I<q  and  aq 
according  to  the  Maaser-BJerrum  theory  of  dimerization. 


(*c) 

s 

1 

to 

1 

kr 

(s-1) 

(M-1) 

calc* 

(M-1) 

aqxl08 

(cm) 

25 

2.7X108'* 

1.5x10®“ 

1.8** 

1.80 

9.4 

15 

2.0x10s 

1.4x10s 

1.4 

1.36 

9.7 

5 

1.4x10s 

1.2X108 

1.2 

1.19 

9.8 

*The  calculated  Kqalc  have  been  computed  from  Eq.  IX  by  changing  aq  in  steps 
of  0.1xlCT8cm. 


^Figure  taken  from  reference  1. 
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List  of  Figures 

Fig.  1  (A)  log10A  logi0c  for  Li  AsF6  in  2MeTIIF  at  t=  5°‘C. 


(B)  log10A  vSj.  log10c  for  Li  AsF6  in  2MeTHF  at  t=l5°‘C. 


(C)  log10A  vs.  log10c  for  LiAsF6  in  2MeTHF  at  t  =  -  35°‘C. 


Fig.  2  (A)  Excess  sound  absorption  per  wavelength,  n  vs^  frequency  f 

for  LiAsF6  0.20  M  in  2MeTHF;  t  =  15°'C  (M  =  mol/dm3) 


Fig.  3 


(B)  n  vs.  f  for  LiAsF6  0.20M  in  2MeTHF;  t  =  5°‘C 
(M  —  mol/dm3) 

(A)  Digitized  infrared  spectrum  of  the  Z73  spectral  envelope  of 
Li  AsFfi  0.30M  in  2MeTHF. 


(B)  Digitized  infrared  spectrum  of  the  u3  spectral  envelope  of 
LlAsF6  0.05M  in  2MeTHF. 

Fig.  4  (A)  A  \fc  g( cl  vs.  c  for  Li  AsF6  in  2MeTHF:  t=  25°'C. 

(B)  Dielectric  permittivity  e ( c)  vs*  c  for  LiAsF6  in  2MeTHF; 
t  =  25°*C. 

(C)  A  \fc  g(c),  ys*  c  using  e  =  e(c)  for  LlAsF6  in  2MeTHF. 

Fig.  5  (A)  Van’t  Hoff  plot  of  $nKp  xsLl  l/T  for  Li  AsF6  in  2MeTHF. 


(B)  Van’t  Hoff  plot  of  $nKT  v s*  l/T  for  Li  AsF6  in  2MeTHF. 
Fig.  6  (A)  t~  1  vs.c  for  Li  AsF6  in  2  MeTHF;  t=  15°'C. 

(B)  r_1vs.c  for  LiAsF6  in  2MeTHF;  t  =  5’C. 

Fig.  7  (A)  Eyring  plot  of  $n(kf/T)  y§i(l/T)  for  LiAsF6  in  2MeTHF. 

(B)  Eyring  plot  of  $n(kr/T)  v^  (l/T)  for  LiAsF6  in  2MeTHF. 
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Fig.  8  (A)  Infrared  spectrum  of  LiAsF6  in  1,  2  D  imethoxyethane 

(DME)  (I73  infrared  envelope). 

(B)  Infrared  spectrum  of  LiAsF6  in  Tetrahydrofuran  (THF)  (/73 
infrared  envelope).  The  broad  band  at  ~660  cm-1  is  a  solvent 
band. 

Fig.  9  (A)  Digitized  infrared  spectrum  of  LiAsF6  0.20M  in  acetone  ( u3 

region).  Dashed  line— single  Gaussian-Lorentzian  band. 

(B)  Digitized  infrared  spectrum  of  LiAsF6  0.20M  in  acetone. 
Solid  line,  sum  of  three  Gaussian-Lorentzian  bands. 

Fig.  10  Infrared  F3  band  envelope  of  LiAsF6  0.20M  in  Dimethylcarbonate. 

Fig.  ll  (A)  Maximum  absorbance  per  unit  length  (A d'7/$)  vs^  concen¬ 

tration  c  of  LiAsF6  in  2MeTHF. 

(B)  Maximum  absorbance  per  unit  length  (Ao,07/j 1)  vs^  concentra¬ 
tion  of  electrolyte  LiAsF6  in  2MeTHF. 
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Fuoss-Kraus  triple-ions  theory  : 
LiAsFft  in  2MeTHF;  t=25*C 
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Fuoss-Kraus  triple-ions  theory 
including  concentration  dependent 
permittivity  €  =  €(c) 
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Eyring  plot  for  the  dimerization 
of  LiAs  F«  in  2MeTHF 
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Eyring  plot  for  the  dimers  dissociation 
System:  LiAs  Fgin  2MeTHF 
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(A0717//)  vs.  concentration  c  for 
the  v3  spectral  envelope  of 
LiAs  F6  in  2MeTHF  A/ 
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